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searching. The more the input fragment(s) captures the pharmacophore associated to the original hit, the greater the chance of identifying the binding site and the less false positives.
The search for similar fragments in the PDB can be carried out using two different approaches:
(A) Exact match/Substructure similarity and (B) Scaffold hopping.
A. Exact match/ Substructure similarity search
The fragments selected by the user are cross checked with the fragmented PDB ligands, to see if they are present in the PDB ligands. The comparison is performed based on OpenBabel [2] FP2 fingerprints which are generated on the fly for the fragments of the phenotypic actives and compared to fingerprints pre-computed for the PDB fragments. The fingerprints represent the substructure of the fragments, so that a 100 % match of the fingerprints indicates fragment identity. If there is an exact match, the user can directly look at the corresponding PDB structures that contains the fragment.
In the case where no fragments of the phenotypic active are found that exactly match a fragment of the PDB ligands, a substructure search can be performed. This search looks for PDB fragments that have a 2D structure that is similar to that of the hit fragment. In order to speed up the comparison of the fingerprint of the fragment of the phenotypic active with the fingerprints of all the PDB fragments, an enrichment procedure based on eight partial sums is applied.
In order to speed up the comparison of the fingerprint of the fragment of the phenotypic active with the fingerprints of all the PDB fragments, an enrichment procedure based on eight partial sums is applied. The partial sums are used to estimate the best possible Tanimoto coefficient between two 512 bit fingerprints, with the aim of finding the best entries as quickly as possible when sorted by decreasing estimated value. The Tanimoto similarity coefficient calculates the similarity of two fingerprints A and B of equal length, by dividing the number of bits that are set to 1 in both fingerprints (AND) by the number of bits set in one of S4 the fingerprints (OR). Therefore the best achievable Tanimoto coefficient for a single sum can be calculated as:
1. Let a be the number of bits set in fingerprint A, and b in B.
2.
Then the maximum number of bits that are set in both fingerprints MAX (AND) equals MIN(a,b) . And the minimum number of bits in one of the fingerprints
3. Consequently the best Tanimoto coefficient (T1sum,best) that can be achieved is:
If now instead of a single sum eight partial sums are considered, the best-achievable Tanimoto coefficient (T8sum,best) can be calculated as:
1.
For each of the partial sums i=1,2,…,8:
Summation:
MAX(AND) = SUM(MAX(AND)i)
3.
Best-achievable Tanimoto (T8sum,best):
T8sum,best = MAX(AND)/MIN(OR)
For a certain selected hit fragment, T8sum,best is calculated for every PDB ligand fragment.
The resulting fragment-T8sum,best list is then sorted in descending order on the estimated T8sum,best value. It can be expected that the candidates with the best "real" Tanimoto coefficient enrich at the top of the list. However, as the position of the bits that are switched to "on" is not considered in the calculation of the eight partial sums, the "real" Tanimoto needs still to be calculated. This is done starting from the top of the sorted fragment-T8sum,best S5 list until either the number of requested maximum fragments is reached or T8sum,best < requested Tanimoto limit.
Fingerprints and their eight partial sums have been pre-calculated for all PDB ligand fragments using the C++ program SimFrag and are stored in a database. For each hit fragment an ordered fragment-T8sum,best list is generated from the PDB fragment data by a MySQL procedure. Afterwards, the "real" Tanimoto coefficient is calculated and a filtered list of fragments with high substructure similarity is generated by the program SimFrag.
B. Scaffold hopping
If there is no similar substructure, a scaffold hopping procedure can be used to search for fragments with similar elemental composition and connectivity. Scaffold hopping was conducted using an algorithm adapted from Ngyuen et al. [3] . For this the atom connectivity and element composition of the fragment are coded in a 63-dimensional integer fingerprint vector. Examples of the type of information about the fragment stored in the vector include:
how many cyclic carbon atoms are bound to three atoms in the fragment; or the number of hydrogen atoms in the fragment that are connected to an oxygen atom. In addition to the simple connectivity information, the bond order is also coded separately in the fingerprint, such that the saturation level is also considered. The fingerprint vector of the fragment of the phenotypic active is compared to fingerprint vectors of all fragments of PDB ligands using the Manhattan distance [4] as similarity criterion. As the overall structure of the fragments is not coded in the fingerprints, PDB fragments with a similar connectivity and element composition but with a different sub-structure can be found. The algorithm for performing scaffold hops is encoded in the C++ program scaffoldjump (Fig. 2 ). This program takes as input a SMILES string of the fragment of the phenotypic active and a file containing the fingerprint vectors of all PDB fragments. An upper limit for the Manhattan distance and the maximum number of output fragments is defined. The program then creates the fingerprint for the fragment of the phenotypic active and performs a similarity comparison against all PDB fragments. The output is a list of identified similar PDB fragments and corresponding calculated Manhattan distances.
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C. Step 3: Cavity comparison
The next step is to see if there is a similar binding pocket in the M. tb. proteome. The M. tb. proteome contains ~4033 proteins, of which there are structures of ~554 in the PDB (May 2017). By extensive modelling using exclusively high sequence identity, high-quality templates we were able to cover in total 1602 proteins, which is ~40 % of the M. tb. proteome.
Modelling structures using templates with low sequence identity was considered not beneficial as it would only increase the noise in the data without any gain in prediction quality.
As during the last decade, the number of M. tb. structures available in the PDB more than doubled [5] [6] [7] , it can be expected that a much larger number of M. tb. protein structures will be solved, improving further the predictive power of our platform.
A cavity comparison is then conducted to see if there is a similar binding pocket in the M. tb. proteome to that observed between the PDB ligand fragment and its protein structure.
The selected binding site is used as template in a binding site / cavity comparison against a set of 11,206 binding sites of M. tb. structures.
The following cavity comparison methods have been integrated into the platform and can be chosen by the user:
-SubCav, Kalliokoski et al. 2013 [8] : A binding site comparison method that is based on pharmacophoric fingerprints considering eight atom type associated features and the lengths of the edges of triangles between them.
-FuzCav, Weill and Rognan 2009 [9] : An alignment free binding site comparison using pharmacophoric fingerprints that take into account six amino acid features assigned to Ca atoms and the inter-Ca distances of feature triplets.
-aCSM, Pires et al. 2013 [10] : A binding site comparison method that is based on atomic distance signatures using either three or eight categories of atomic properties, as polar-polar and hydrophobic-polar, for distance measurements and applying a noiseand dimensionality-reduction.
-BioGPS, Siragusa et al. 2015 [11,12] : A binding site comparison method that is based on GRID molecular interaction fields (MIFs) created employing four probes. The fields S7 reflect the shape of the cavity (H probe), hydrophobic features (DRY probe), hydrogen bond donor properties (O probe), and hydrogen bond acceptor properties (N1 probe).
Representative MIF points are selected and converted to "quadruplet points" that are then coded in fingerprints used for cavity comparison.
While all binding site comparison methods, can be run individually, it is also possible to do a consensus analysis. In this case the ranks on which a protein binding site is found using the different methods is summed up and then divided by the number of methods considered.
The binding sites are then ordered by the calculated consensus rank. Protein binding sites that have a high rank in all methods will appear among the top ranks in the consensus list.
In the normal cavity comparison mode, the PDB binding site used as template for comparison is defined based on the bound ligand. All atoms that are within a distance of 5 Å (SubCav, FuzCav, and aCSM) around the ligand or 2 Å (BioGPS) around the ligand centered grid are considered for comparison.
In addition, there exists an option for a BioGPS based cavity comparison where the cavity is defined based on the fragment of the PDB ligand identified in step 2. As a fragment is usually involved in relatively few specific interactions with the protein target, compared to a typical hit from a high throughput screen, the cavity comparison results are more prone to noise. Therefore, an algorithm was developed that allows identification of the strongest interaction between the fragment and the target protein and to fix this interaction during cavity comparison ( Figure S2 ). By using this approach, it is possible to enrich for cavities that possess the properties for forming a similar interaction. structures keeping the strongest interaction fixed. Finally, the M. tb. structures are ranked according to the score of the strongest interaction. The M. tb. structures with binding sites that are most similar to the PDB ligand / fragment binding site can be found at the top of the ranking list.
D. Step 4: Docking of hit molecule
When the user has selected one of the structures with the most similar binding site among the structures in the M. tb. target space, the phenotypic active is docked into this potential target structure. This step should remove at least some of the false positives, when the full ligand does not bind, or the SAR does not fit with the binding pose. For this, the phenotypic active molecule is first transformed from a 2D into a 3D structure using LigPrep S9 [13] with the OPLS2005 force field [14] . In addition, formal charges are assigned with Epik [15, 16] using a pH value of 7.4. Docking is performed with Glide [17] [18] [19] [20] using default settings and allowing a maximum of 10 docking solutions per phenotypic active molecule.
In addition to standard docking using Glide default values, a docking with constraints can be performed. As the hit molecule and the ligand of the PDB structure used as template for cavity comparison contain the same fragment and the PDB structure possesses a binding site that is highly similar to the one of the identified target structure, it can be assumed that the respective fragment binds in the same way to both the PDB structure and the target structure. Therefore, interactions present between the fragment and the protein in the PDB structure can be set as constraints in docking of the whole phenotypic active molecule to the target structure. First, all hydrogen bonds between the PDB ligand fragment under consideration and the PDB protein structure are detected using a H bond acceptor distance ≤ 2.5 Å and a donor -H bond acceptor angle ≥ 120ᵒ as hydrogen bond criteria. These hydrogen bond interactions have been precomputed for PDB complex structures containing a ligand with at least one carbon atom, more than one nitrogen or oxygen atom and > 5 heavy atoms.
The hydrogen bond information has been stored in a database table. For a particular PDB structure the information about donor or acceptor atoms is derived from the database and is stored in a list. Subsequently, the PDB structure and the target structure are super-positioned based on their binding sites using FLAP (BioGPS) [11, 21] . For each atom of the PDB protein in the donor / acceptor list, a check is then made as to whether there is a donor / acceptor atom within 3.5 Å distance in the target structure. If this is the case, the corresponding atoms are defined as anchoring points for hydrogen bond constraints in Glide. For the ligand side of the docking constraints, SMARTS patterns defined based on the hydrogen bond information of the ligand side are used. By setting constraints in docking, the search space for the ligand position can be decreased and the hit molecule can be forced to adopt a binding mode that is similar to the binding mode found in the "template" PDB structure. S10 S2. Schematic depiction of workflow used for generating M. tb. models
S3. The database
The backend of the platform consists of a MySQL database that contains PDB data, retrieved from http://files.rcsb.org and the ligands, fragments and fingerprints derived from the PDB files as well as M. tb. PDB and model structures. An overview of the main PDB associated data stored in the database is given in Table S1 . Beside the PDB structures, the database contains tables storing the PDB ligands, all unique ligands present in the PDB, the hydrogen bonds in which the PDB ligands are involved, the PDB ligand fragments generated by iChop++, all unique fragments as well as the associated fingerprints and partial sums for scaffold hopping and sub-structure search. S11 Table S2 gives an overview of the M. tb. structures stored in the database. There were 
S4. Pre-computed cavities and docking grids
In order to speed up the cavity comparison and docking steps, all the required files derived from the M. tb. structures were pre-computed. For M. tb. complex structures, binding sites were defined based on a distance of 5 Å (SubCav, FuzCav, and aCSM) / 2 Å (BioGPS) around the ligand / the ligand centered grid. For apo structures, first pockets were computed independently with FLAPsite [21] (default settings) and with SiteMap [22] [23] [24] (default parameters except dthresh = 3.0 Å). As the binding sites computed by flapsite are not evaluated for druggability, the three binding sites with the highest druggability score identified by SiteMap, were compared to the flapsite pockets. Among the flapsite pockets, those that had the largest number of pocket-defining points within 3.0 Å distance of the points defining the SiteMap pockets, were regarded as apo structure pockets with the best druggability. For computing the binding site cavities for the apo structures, the points defining the flapsite pockets were treated as the centers of the atoms of a ligand bound to a binding site. Cavities were computed as described for the protein-ligand complexes above. For each M. tb. structure input files for all cavity comparison approaches were pre-generated.
In the above described procedure cofactors that are in close contact with a ligand would normally be treated themselves as ligands and would be absent in the ligand cavity comparison. The BioGPS procedure is capable of handling the presence of cofactors during cavity comparison. First all cofactors with at least 3 atoms within a 4 Å distance of a ligand were identified. For those structures with close ligand-cofactor contacts, then binding site cavities were defined in which the cofactor was considered as part of the protein complex. If a complex contained two cofactors that fulfilled the distance criterion, alternative binding sites containing one or the other cofactor were created.
A python program enabling a fast computation of binding site cavities and docking grids for a large number of M. tb. structures has been prepared. Using this script it is straightforward to update the data stored on hard disc when new PDB structures become available and the database of M. tb. structures is updated. S13 S5. TIBLE Table S3 . Ligands from TIBLE database analysed in case study and corresponding targets as well as category of target prediction results according to Figure 4 .
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